(Received 1 August 1951)
Haem aisthe name whichhasbeengiven (Rawlinson & Hale, 1949) to the haem which is apparently the prosthetic group of at least some of the cytochromes a. Studies of the visual spectrum of this haem, and of its iron-free derivative, porphyrin a, in comparison with the spectra of other porphyrins and haems of known structure (Lemberg & Falk, 1951) have led to the postulation oftwo possiblestructures, consistent with all the data available.
In addition to visual spectra an extensive study has been made of the infrared spectra of most natural and many synthetic porphyrins and haems (Falk & Willis, 1951) in the hope that these might provide an analytical tool through which further details of the structure of haem or porphyrin a may be made clear. The infrared spectra of porphyrins and haems provide a useful means of identification, not only ofindividual porphyrins, but also of certain side chains on porphyrins. When the infrared spectrum of pure haem or porphyrin a can be obtained, some further light may be thrown on its structure by this means. Unfortunately, the isolation of pure material has not yet been achieved. The study reported below concerns further work on the isolation of the compound, for the purpose of obtaining pure material for measurement of its infrared spectrum and, if it could be obtained in sufficient quantity, for direct chemical study. Haem a of doubtful purity has been obtained in very small quantities from horse heart (Negelein, 1933; Roche & B6n6vent, 1936) and from both ox heart and the cells of Corynebacterium diphtheriae (Rawlinson & Hale, 1949) . The haemochromogen band of this haem, at about 587 m,u., is easily observed with the hand spectroscope in pyridine extracts of many tissues (heart muscle, pigeon-breast muscle, insect thoracic muscle) after dilution with water and reduction with Na2S204. Attempts to isolate the haem are complicated, however, by four factors:
(1) The lability of the haem itself, particularly in the presence of tissue components such as cysteine (Rawlinson & Hale, 1949) . (2) The concurrent extraction of much protohaem (from haemoglobin, myoglobin, catalase, etc.) . (3) The concurrent extraction of a lipid material which it is extremely difficult to remove completely. (4) The relatively minute amount of the haem present in the tissues. Negelein's (1933) method depended on the extraction of the total haems from water-washed, minced muscle with acetone acidified with hydrochloric acid. The yield ofmaterial with 'a very weak protohaemochromogen band at 557 mu.' was 12 mg. from 5 kg. offresh mince. The Soret band was at about 430 m,u.
Negelein considered that the haemochromogen of haemahad a single visual band (at 587 mL.). Roche & Ben6vent (1936) , on repeating Negelein's procedure, obtained a compound with haemochromogen bands at 587 and 530 m,. By a modification of Negelein's process they obtained a compound, completely free from protohaem, with only a single band in the visual region, at 587 m,.; the Soret band was at 425 m,. Roche & B6n6vent were unable to crystallize this compound satisfactorily; they presented evidence which led them to believe that the compound with the two-banded haemochromogen (587 and 530 m,.) was the true haem a, and the compound with a single visual haemochromogen band an artifact. In 1949 Rawlinson & Hale developed a new method for the separation of haem a from protohaem. After extraction ofthe haems from the tissues by acetone-hydrochloric acid, they were transferred to ether, adsorbed on a column of aluminium oxide, some lipid removed by washing the column with ether, the haems eluted with hot glacial acetic acid, and tranferred again to ether. On extracting this ether solution several times with an aqueous pyridine-hydrochloric acid buffer the protohaem was completely removed, leaving haem a in the ether phase. The haem so obtained was contaminated with lipids, but its haemochromogen had only a single absorption band in the visual region (at 587 m,u.). Rawlinson & Hale found that the haem could react with compounds such as cysteine to yield a substance which gave a haemochromogen with visual bands at 553 and 525 m,u., and that such reactions could occur during isolation by unsatisfactory procedures. They considered, and it now appears acceptable, that the natural haem a is the compound which has a haemochromogen with the single visual band (at 587 mg.). Though Rawlinson lations, the yield was very small, and the product, which was contaminated by lipids, was unstable. Rawlinson & Hale (1949) prepared a porphyrin from this haem; the visual spectrum of the porphyrin prepared in this manner was used as a basis for some of the work of Lemberg & Falk (1951) .
Negelein had earlier (1932a) reported the isolation ofa porphyrin from pigeon-breast muscle which he called 'cryptoporphyrin'. The haem prepared by the introduction of iron into this porphyrin gave a haemochromogen with bands (about 582 and 531 m,.) recalling those of some other early haem a preparations, and at first he thought that this was possibly the porphyrin of the prosthetic group of the cytochromes a. Shortly afterwards, however, Negelein (1932b) reported evidence which led him to believe that this porphyrin was an artifact arising from protoporphyrin through the action of hydrochloric acid during the isolation; indeed, in the original paper he reported that the porphyrin could be obtained from crystallized, but not recrystallized, haemin from blood. No cytochrome a has ever been identified in blood, and there is thus good evidence that the porphyrin was an artifact. This was further discussed by Lemberg & Falk (1951) .
It was now sought, after extraction of the haems from ox heart and conversion ofthese to porphyrins,, to prepare porphyrin a in greater quantity and in a pure state. A process was indeed found by which relatively large amounts of porphyrin, free from protoporphyrin, can be prepared conveniently in ordinary laboratory apparatus. It has been shown, however, that porphyrin a prepared by this method, and presumably by any method so far available, is a mixture of closely similar substances. Evidence is presented which shows that these substances arise, during the isolation, from one, or at most relatively few precursors.
The cause of the degradation of the original substance(s) has been found to be the action of acid and no process has been found in which this can be avoided entirely. Until such a process is devised, the problem appears to be insoluble.
MATERIALS AND METHODS
Absorption spectra were measured with a Beckman photoelectric spectrophotometer.
Ether was treated to remove peroxides.
Hydrochloric acid concentrations. Because the familiar HCl number (Willstatter no.) widely used in the purification of porphyrins is stated in terms of % (w/v) HCI, this form is used instead of normality.
Reaction with hydroxylamine. To a solution of the porphyrin in pyridine, excess of a mixture of equivalent amounts of solid hydroxylamine hydrochloride and Na2C03 was added, the mixture refluxed gently for 5 min., cooled and filtered.
Preparation of porphyrin a. Method A (1) Extraction of haems. Fresh ox heart (4-6 kg.), dissected free of macroscopic fat, yielded 3-2 kg. of minced muscle; this was washed twice with acetone at 00, pressing out each time, and air' dried (800 g.). Of this dried mince, 500 g. were extracted at 3°for 2 hr. with 21. acetone containing 40 ml. conc. HCI. The extract was filtered from the tissue residue; so little haem remained in the tissue that a second extraction was not profitable. The filtrate was mixed with an equal volume of ether, and the acetone and HCI washed out with 2 % NaCl to minimize emulsions.
(2) Preliminary defatting. The ether solution was now run through a column (10 x 3 cm.) of MgO grade III (Nicholas, 1951) packed in ether; the haems were adsorbed as a very deeply coloured layer at the top of the column. The column was then washed with ether (about 21.) until the ether running throughno longer left afattyresidue onevaporation. The dark zone containing the haems was separated from the column, and the haems eluted with glacial acetic acid. Since MgO dissolves in glacial acetic acid, the elution was quantitative and could be done at the melting point of acetic acid. The acetic acid solution was mixed with about 2 1. ether, and the acetic acid and the magnesium acetate washed out with 2 % NaCl; the ether was then removed in vacuo.
(3) Removal of ironfrom haems. The residue was dissolved in 100 ml. hot glacial acetic acid, and this solution treated in 20 ml. portions as follows. The haem solution was brought quickly to the boil, and while refluxing gently, about 5 ml. of a boiling saturated solution of ferrous acetate in acetic acid (prepared under C02) and 2 ml. conc. HCI were added. The resulting porphyrinsolution was cooled as quickly as possible under the tap. This is the process of Warburg & Negelein (1932) , modified so as to use the least possible amount of heat.
The several lots of porphyrin solution so prepared were combined, mixed with 21. ether, the acetic acid neutralized with sodium acetate, and the ether solution ofthe porphyrins washed several times with 2 % NaCl.
(4) Removal ofprotoporphyrinfrom the porphyrin mixture. Preparation of porphyrin a. Method B
The haems were extracted from the acetone-dried tissue as in method A, step 1, and gross fat removed as in step 2, except that a column of AI,60 (Savory & Moore) was used instead of MgO, and the haems eluted by several lots of hot glacial acetic acid.
After the elution the haems were again taken into ether, and the ether solution shaken repeatedly with an equal volume of pyridine-HCl buffer (30 vol. pyridine, 0-15N-HCI to 100 vol.; cf. Rawlinson & Hale, 1949) until no more protohaem remained in the ether phase. The ether solution of crude haem a was then evaporated to dryness in vacuo. A portion now dissolved in pyridine, diluted with 2 vol. of water, and reduced with Na,S304 gave a haemochromogen curve identical with the curve published by Rawlinson & Hale (with a single visual band at 587 mp.).
The haem was now dissolved in glacial acetic acid, and the iron removed as in step 3 above; the porphyrin obtained was treated with 25 % HCl as in step 5.
RESULTS
Porphyrin prepared by Method A. Spectrophotometric curves of the material before and after the treatment with 25% HCI, and of the fatty residue, are shown in Fig. 1 . The ratios of the intensities of the absorption bands I-III to that of band IV provide a useful means of comparing such curves ( Table 1) . As may be seen from Fig. 1 , with the removal of the strong absorption in the blue region due to the fat, the intensities of bands I-III increase relative to IV, though the positions of the maxima are hardly changed.
Porphyrin prepared by Method B. This process is essentially the same as that used by Rawlinson & Hale (1949) for the preparation oftheir porphyrin a; the main difference is that instead of the treatment with 25% HC1 they removed some fatty material from the porphyrin by repeated transfers between HCl and ether.
Absorption curves of the porphyrin before and after the 25 % HCI treatment were similar to those shown in Fig. 1 . Indeed, the material obtained by this method behaved in all respects like that from Method A. The manipulations were much more troublesome, however, and the yields much smaller and for most of the experiments reported below material prepared by Method A was used. Preliminary ether -HCl fractionation of porphyrin a Rawlinson & Hale observed (personal communication) that the HC1 number of their porphyrin apparently became lower as transfers between HC1 and ether were repeated. We made similar observations. Thus before the 25 % HC1 treatment (step 5) it was possible to remove the protoporphyrin with 4 % HC (step 4) without appreciable loas of porphyrin a. After the treatment, however, even 1 % HCl extracted significant amounts of porphyrin alike material from ether.
We found, on preliminary fractionation of our material, that 6 % HC1 removed a considerable fraction, and when no more porphyrin was removed by acid of this strength, a further fraction at least as large could be extracted by 15 % HC. Absorption data (in pyridine) for typical 6 and 15 % fractions are shown in was at first thought that the material with higher HCI number and increased intensity of band I might be an artifact which had arisen during the manipulations. Artifacts with such characteristics are not uncommon in porphyrin chemistry. Coiitrolled experiments showed that the proportion of this material obtained was not influenced by:
(1) The length of time for which the acetone-dried mince was stored (at 30) before extraction. There did not appear to be any significant spectrophotometric difference between the product obtained from one half of a batch of acetone-dried ox-heart mince which was extracted at once, and the products from the other half, which was extracted after it had been stored for 24 days at 3°.
(2) The length of time the mince stood with acetone-HCl for extraction of the haems. A batch of acetone-dried ox-heart mince was halved. One half was extracted with acetone-HCl for 1.5 hr. and the porphyrin a prepared by Method A immediately. The other half was extracted for 18 hr. and the porphyrin prepared in the same way. There was no significant difference in the spectrophotometric properties, nor in the relative amounts of the porphyrins extractable by 6 and by 15% HC1 in each experiment.
(3) The use of the magnesium oxide or aluminium oxide columns. A batch of the porphyrin was prepared essentially by Method A, the preliminary defatting on the column (step 2) simply being omitted. The procedure was rendered rather more difficult by emulsion formation, but the 25 % HCl treatment removed the fat completely. The product was extracted exhaustively with 6 %, and then with 15 % HCI; two crude fractions were again obtained, their spectrophotometric properties being similar to those reported above ( Hale's pyridine buffer treatment). Further, the absorption curves (cf. Fig. 1 ) before and after the 25 % HC treatment suggested only that this treatment caused a fall in the absorption at the region of 500-520 m,u. relative to that at about 650 mpA., and not a specific increase in intensity of the band at 650 mI,.
The hypothesis that the substance of higher HCI number was an artifact was thus not directly proved or disproved.
A possible altemative hypothesis was that it was the substance with lower HCI number and band I of lower intensity which was the artifact. If this were the case, the experiments described above should have provided evidence about it just as well as the original hypothesis they were designed to test. The one process not yet tested was the action of aqueous HC. The reason which made it appear unlikely that some effect of HOC could have been the cause of the appearance of the substance of higher HC1 number (observation of the banxd before any aqueous HC1 had been used) argues not against, but for the possibility that the converse process was taking place, namely, some change was caused by aqueous HCl as a result of which the substance of lower HCI number was derived from the substance of higher HOC number.
Evidence about this was sought by careful fractionation, with HC1, of an ether solution of porphyrin prepared by Method A, and refractionation in the same way of the fractions so obtained.
Full fractionation and refractionation of the porphyrin preparation An ether solution of the porphyrin (free from protoporphyrin) prepared by Method A was extracted with successive portions of HC1 as shown in Fig. 2a (b) .
Absorption spectra of fractions. The first HCI extract at each HC1 concentration (cf. Fig. 2a) , as the fraction least likely to be contaminated with material of higher HCI number, was transferred to ether, washed well, the ether removed in vacuo, and the porphyrin dried and dissolved in pyridine. Absorption curves in the visual region were taken on each of these pyridine solutions; the positions of the maxima and the ratios of the intensities of the bands are shown in The similar data from the refractionation of fractions (b) and (d) are shown in Fig. 4 , in which the pattern of the ratios of intensities of the bands in the original fractions is strikingly reproduced. This similarity leaves no doubt that really different materials are contained in these different fractions.
It is noteworthy that all the compounds from refractionation of fraction (d) (Fig. 4 a) have the relative intensities of bands II and III depressed in comparison with the corresponding original fractions (Fig. 3) . For example, the porphyrin extracted by 6% H10 (Fig. 3) has a true oxorhodo type spectrum, while the 6 % fraction (Fig. 4 a) Effect of heating the porphyrin with aqueous hydrochloric acid
Since it appeared that the changes were caused in some way by aqueous HC1, its effect was studied in more detail. It was hoped that the material might be degraded by HC1 under more drastic conditions to a useful, single degradation product.
In a preliminary experiment some material prepared by Method A was fractionated as in Fig. 2a Band I x--X--X--X the ether removed and an absorption curve measured on the residue dissolved in pyridine. Portion 2 was allowed to stand in the 25% HC1 at -10°for 50 hr.; portion 3 stood in the dark at 300 for 30 hr. and portion 4 stood in the dark at 700 for 3 hr. At the end of these times each sample was transferred to pyridine and its absorption curve measured. In the small samples used, band I was too weak for accurate determination of its position, which might have been ex.
It is seen that the 25% HCl, even at -100, caused a depression of the intensities of bands II and III relative to that of band IV. The depression of these bands was increased and hastened as the temperature increased. These measurements were on the whole samples, without fractionation. The depression of the bands in the separate fractions (Figs. 3 and 4a) was paralleled in the present experiment by the depression of the bands in the unfractionated material.
In another experiment, porphyrin prepared by Method A was treated, in HC1 solution, as indicated in Fig. 6 . The material, which in this experiment had been treated at 570 for 6 hr., was transferred to ether and fractionated with HCL. The pattern of relative intensities of the absorption bands of the fractions was similar to that shown in Fig. 4a . As in the previous experiment, the depression of the ratios of bands II and III increased both with time and temperature, though the band positions hardly changed. Even treatment of a 25 % HCI solution at 950 for 5 hr., however, led to a change only from oxorhodo-to rhodo-type spectrum, band I remainiing at 644 m,i.
Reactions with hydroxylamine Various fractions were treated with hydroxylamine, and the spectroscopic properties of the products are indicated in Figs. 3, 4a and 6. It may be seen that in all fractions so treated, irrespective of the character of the spectrum before the'treatment, oxime formation had taken place, demonstrating that the -CHO group was still intact. This is discussed below.
Evidence for degradation during removal of iron (8tep 3, Method A) There is no doubt that HCI, during the HCl-ether fractionations, and also during the treatment with 25 % HCI causes changes in the material. It appeared likely that similar changes would occur during the removal of iron.
Porphyrin mixtures after removal of iron from the haems were transferred immediately to ether and esterified with diazomethane. Chromatography of the esters on columns of aluminium oxide grade IV and of magnesium oxide grades III and IV (cf. Nicholas, 1951) showed the presence, apart from protoporphyrin, of a variety of porphyrin a-like materials which could not be satisfactorily resolved, It is only necessary to report briefly that materials with spectra similar to most of the fractions shown I952 in Fig. 3 were obtained from the chromatograms. It thus appeared that, during the removal of iron, materials similar to those which arise during treatment with HCI had appeared.
Attempts to purify haem a There is no evidence yet that the haem, as such, is labile in acid conditions. This was bome out to some extent when, instead of acetone-HCl, cold pyridine was used to extract the haems from the tissue. The haems were transferred to ether, and without any attempt at removal of the large amount of lipid material the protohaem was removed by the aqueous pyridine-HCl buffer method of Rawlinson & Hale (1949) . The haem a so obtained was grossly contaminated with fat, but its haemochromogen had only a single visual absorption band, at 587 m,u., apparently the same as the material prepared after acetone-HCl extraction of the tissue followed by elution from alumina by boiling acetic acid. This haem was eventually converted to porphyrin, and this treated by Method A. On fractionation of an ether solution of this porphyrin with HC1, fractions identical with those shown in Fig. 2a were obtained.
Chromatography of haems
The haems were extracted from the tissue and defatted as in steps 1 and 2 of Method A. The resulting ether solution of the haems was evaporated to dryness in vacuo. Neither light petroleum nor benzene extracted any fatty material from the dry residue. The dry material was soluble in butanol, which also dissolved the haem when shaken with a suspension of it in water brought to pH 4. The dried haems, or these, after esterification with diazomethane, were used for the following experiments.
The haem esters were chromatographed on columns of the following absorbents: Alumina grades II and IV, magnesium oxide grades II and III (cf. Nicholas, 1951) ; talc and kieselguhr (Hyflo supercel). The following solvents were used, singly and in pairs, in varying proportions: chloroform, methanol, ether, benzene, pyridine. Separation of both the haems and the haem esters was also sought on partition columns. The following solids were tried as supports: filter paper powder (Whatman, standard grade) and kieselguhr (Hyflo supercel). For 'reverse phase' chromatography, Hyflo treated with dichlorodimethylsilane was used (cf. Martin, 1949; Howard & Martin, 1950) . The solvent systems tried for all three supports were lutidinewater, equilibrated and used at both 210 and 30 and ether-pyridine buffer (pyridine 30 vol., 0-15N-HC1 to 100 vol.), at room temperature (18°).
There was no indication in any of these experiments that the haem a might be separated from the other materials. The coloured material in every case moved slowly down the column with the solvent front. Material which eventually ran through the columns had the same proportion of haem a to protohaem as the starting material.
DISCUSSION
From the experiments reported, it became clear that once the iron is removed from haem a, the porphyrin is very unstable in the presence of acid. The spectrum of the product obtained was the sum of the spectra of the degradation products, and it is clear that the proportions of these, and the resulting mixed spectrum, vary with both time and temperature during manipulations with acid.
The tendency of the material with higher hydrochloric acid number and band I at longer wavelengths to be changed to material with lower hydrochloric acid number and band I at shorter wavelengths, as well as the constant downward trend in the intensities of bands II and III-relative to band IV, are consistent with the hypothesis that the VoI. 5I
A43
Since it is not clear how a -HO side chain could be changed by HC1 in such a way as to yield products with the characters described above, it was considered more likely that it was the other 'rhodofying' group which was being changed. That this was so became apparent when it was found that the material which had been heated to 950 for 5 hr. in 25% hydrochloric acid solution was still able to react with hydroxylamine, the spectrum changing from rhodo to aetio type and band I shifting from 647 to 636 mit.
These findings were parallel with those of Rawlinson & Hale (1949) and Rimington et at. (1949) , who found that treatment of their porphyrin a with diazoacetic ester or HI (double bonds in side chains) or hydroxylamine (carbonyl groups in side chains) led to a change from oxorhodo-to rhodo-type spectrum, band I hardly shifting in position. The action of both these types of reagent in succession, however, led to a product with aetio-type spectrum and band I at 625 mp. The parallelism between the spectra of numerous fractions before and after reaction with hydroxylamine (Figs. 3, 4a, 6 ) showed, moreover, that the effect of the -CHO group on the spectrum was approximately equivalent in all the materials. Thus the differences between the fractions must be due to a series of changes in the other rhodofying group. It is evident that this group is gradually changed by acid towards an end state in which its rhodofying effect is completely lost. It is not possible, however, to postulate intermediate steps in this degradation which could account for the many apparent stages in the change.
Acid apparently caused degradation of the porphyrin even at step 3 (removal ofiron). It is possible that the numerous products revealed by chromatography directly after this step were original components, but their similarity to the materials which were shown to be produced by hydrochloric acid at later stages makes it more likely that they arose in the same way. All methods for removing metals from metalloporphyrins (including the relatively mild method of Paul, 1950), feature strongly acid conditions except the sodium amalgam method (Fischer & Hilger, 1924) . The latter was unsuitable, however, because the -CHO side chain and the side chain with an ethylenic double bond would be reduced. Thus no suitable altemative process is available for this step, nor could any be found for the other steps involving the use of acid. Fractionation of ether solutions of the haems with aqueous NaOH, Na2CO3 or Na2HPO4 was ineffective. Until suitable techniques are developed for all these steps, attempts at purification through the porphyrins must be unsuccessful.
It appeared more profitable to turn again to the separation and purification of the haem as such. There is no direct evidence that the haem is unstable in acid conditions, though this possibility cannot be ignored. It should be pointed out that the haemochromogen band at 587 m,. in haem a prepared by Rawlinson & Hale's (1949) method, and, indeed, in direct pyridine extracts of tissues, is broad, and may include the bands of several similar compounds. It is quite possible that there exists more than one natural haem a, perhaps corresponding to different cytochromes a. Examination at very low temperatures (cf. Keilin & Hartree, 1949) of this haemochromogen band in pyridine extracts of tissues might allow the detection of such components, though the lipids extracted concurrently by pyridine would make such a study difficult.
There is little doubt that the failure to separate the haems by chromatography was due to the presence of lipids, which might be expected to change their partitioning properties. The gross fat can be removed without much trouble, but the lipid which is encountered in smaller but appreciable quantities in attempts to purify haem or porphyrin a is still, perhaps, the greatest single factor hindering its isolation.
It appears now that the most fruitful approach to the problem might be to abandon the efforts to purify the natural compounds and instead to attempt to prepare a stable derivative of the haem through, for example, catalytic hydrogenation, fusion in resorcinol or the action of diazoacetic ester. Material obtained by the procedures ofsteps 1 and 2, Method A, may be sufficiently free of gross contamination for this purpose. Unfortunately, it is not certain that the haem even at this stage has not already suffered some change. SUMMARY 1. During attempts to find a method for the preparation, from ox-heart muscle, of porphyrin a in quantities sufficient for direct chemical study, it was found that the porphyrin is very unstable in acid media.
2. Evidence is presented that the -CHO side chain of the porphyrin is not changed during this degradation. It appears that the other 'rhodofying' group is modified in a gradual manner, leading to a series of porphyrins with rather similar spectra. The degradation is hastened at raised temperatures, and in the end-state the 'rhodofying' properties of the group are lost completely. It was suggested (Lemberg & Falk, 1951 ) that this group may be an acrylic acid side chain. It is not yet possible, however, to interpret in terms of chemical structure the changes which occur during the degradation.
3. No procedure has been found by which the use of acid can be avoided entirely during the isolation of the porphyrin.
4. Haem a, as such, may not be unstable to acids, though there is no direct evidence on this point.
